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Abstract
Though structure has long been recognised as a fundamental factor in landscape analysis and 
interpretation, some aspects are not accorded sufficient weight. Stress and the resulting strain 
influence rates of weathering and hence erosion. Linear features may be referred or deferred 
and develop long after the tectonic event to which they are ultimately related. The pattern of 
many linear and arcuate river channels can be attributed to underprinting or the transmission 
of structures to overlying strata. Deep erosion allied with reinforcement mechanisms also can 
account for transverse rivers and other anomalies.
Key	words: structural control, anomalous drainage, strain, cryptostructural, referred drainage, 
deferred drainage, underprinting.
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INTRODUCTION
Fractures influence landform develop-
ment in many ways, most of them obvious, 
as for example fracture-controlled patterns 
of weathering and fault-line valleys. How-
ever, though the geometry of some topo-
graphic features – linearity, parallelism – is 
strongly suggestive of structural control, the 
link between crustal characteristics and sur-
face expression is in some instances obscure 
or indirect. These more subtle effects are dis-
cussed, particularly but not exclusively, with 
reference to Australian landscapes.
TERMINOLOGY
The term ‘structural’ sensu lato embraces 
forms, which are genetically related to char-
acteristics of the rocks exposed at or located 
just beneath the Earth’s surface. There are 
two types, which can be distinguished as 
active and passive. Tectonic forms involve 
earth movements (faulting and folding, 
some would include volcanicity) generated 
by crustal activities. Passive structural forms 
result from the exploitation of crustal weak-
nesses by external agencies.
Categories of drainage pattern caused by 
factors additional to these two basic struc-
tural effects have been recognised. Land-
forms and particularly drainage features as-
sociated with hidden structures are termed 
cryptostructural. Some are associated with 
structures the plan locations of which have 
changed as a result of deep erosion or dip-
ping strata. Such structural effects are said 
to be referred. Others are associated with 
deep structures the impacts of which have 
been transmitted through effectively struc-
tureless incompetent beds. Thus, under-
printed streams (HILLS, 1961) are caused 
by what has been called ‘upward generation’ 
(SAUL, 1978), or the effect of structures in 
deep basement rocks on overlying strata and 
eventually, the land surface and drainage 
lines.
Impression from below may be due to 
recurrent, resurgent or renewed dislocations 
along a basement fault, which eventually 
have been conducted through incompetent 
(plastic) strata. Transmission may not be in-
stantaneous but occur over a period of time: 
it may be delayed or deferred. Alternatively, 
the underprinting may be indirect and be 
caused by the concentration of groundwater 
flow into or along the fracture zone, caus-
ing preferential weathering, volume loss, 
compaction and subsidence in a linear zone 
that is exploited by surficial agents, and es-
pecially rivers and streams. Clearly in such 
instances also there is a substantial time lag 
or deferral in the development of the surface 
features.
CRYPTOSTRUCTURAL	FORMS
Fracture	and	strain
Crustal stress is manifested in fracture 
patterns and fold orientations at scales from 
the global and continental to the regional 
and local, from the outlines of the conti-
nents, massifs and framed basins, to the 
shape of residual hills and the patterns of 
drainage lines (e.g. DE KALB, 1990).
In orogenic terrains, stress and resultant 
strain are significant factors in the exploita-
tion of folds by weathering and erosion re-
sulting in inversions (e.g. DERRUAU, 1965, 
p. 173 et seq.; figure 1). The upper zones or 
crests of domes and anticlines are in ten-
sion and are thus susceptible to water pen-
etration, alteration and erosion. At depth, 
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however, beneath the neutral plane, anticli-
nal cores are in compression, as indicated 
by various kinks and minor warps such as 
those exposed in the cores of anticlines and 
domes and by the resistance to weathering 
and erosion of such zones (figure 2). Con-
versely, the upper zones of troughs, basins 
and synclines are in compression and thus 
resistant, whereas deeper zones are in ten-
sion. Deep erosion of folds and the associat-
ed distribution of strain can result in inver-
sion, with synclines becoming topographic 
highs, and anticlines, lows (figure 3).
Many drainage lines and patterns	 are, 
directly or indirectly, related to lineaments, 
which have been defined as topographic fea-
tures of regional extent that reflect crustal 
structures (HOBBS, 1904, 1911; but see also 
HOBBS et al., 1976, p. 267). They have been 
referred to under other names (e.g. geofrac-
tures: RUSSELL, 1968). The term also has 
been applied in a more general sense, par-
ticularly in photo-interpretation and remote 
sensing to denote any linearity in the crust, 
so that RAJ (1983), for instance, refers to 
positive and negative lineaments to indicate 
positive or negative relief  features. Most lin-
eaments take the form of faults	(O’LEARY 
et al., 1976). They are planes of recurrent 
shearing which have been exploited by ma-
jor rivers such as Thredbo and other streams 
of the Kosciuszko region of southeastern 
Australia, the lower Volga in Russia, the St 
Lawrence in North America (figure 4), sev-
eral left-bank tributaries of the Amazon in 
South America, and of the Congo in central 
Africa (e.g. HOBBS, 1904; STERNBERG 
and RUSSELL, 1956; TWIDALE and 
BOURNE, 2007).
Fig. 1. Stages in the dissection of simple folds (after 
DERRUAU, 1965, p. 320).
Fig. 2. Anticlinal ridge in limestone breached by 
river which has eroded a transverse gorge or tang, 
Zagros Mountains, southwestern Iran (Hunting Sur-
veys).
Fig. 3. Wilpena Pound, central Flinders Ranges, South 
Australia, an example of a synclinal upland and hence 
of relief inversion (Department of Environment and 
Natural Resources, South Australia, Mapland).
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Fig. 4. (a) The linear course of the St Lawrence River and other waterways in northeastern North Amer-
ica (HOBBS, 1904). (b) Part of middle Amazon Basin showing linear left-bank tributaries.
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Despite its successful application in min-
eral exploration (see e.g. BOURNE and 
TWIDALE, 2007) some workers reject the 
lineament concept, in part at least because 
fractures do not occur along the length of 
some alleged structures. But stress may find 
expression in zones of strain as well as in 
ruptures. For instance, at site scale, linear 
depressions are developed in granitic ter-
rains parallel to genuine Kluftkarren or frac-
ture-controlled clefts or slots. They lack vis-
ible and extensive continuous fractures (fig-
ures 5a and 5b), though the adjacent rock 
typically displays lineation, which stands in 
marked contrast with the usual random ori-
entation of crystals in the host rock. Such 
pseudoKluftkarren are attributed to the pref-
erential weathering of crystals under strain 
and hence in disequilibrium (RUSSELL, 
1935; TURNER and VERHOOGEN, 1960, 
p. 476; NABARRO 1967, p. 4).
Recurrent shearing has caused the de-
velopment of several generations of con-
jugate fractures, commonly of orthogonal 
and rhomboidal plan patterns, as well as 
fracture propagation.	Fracture density var-
ies because of the contrasted	 rheological 
characteristics of the country rock and as 
a result of repeated stress. Such spatial dif-
ferences	in fracture density account not only 
for inselberg landscapes, whether developed 
in granitic rocks, arenaceous materials or 
limestone (TWIDALE and BOURNE, 
1978; TWIDALE and VIDAL ROMANI, 
2005; TWIDALE, 2006), but also for fields 
of domical hills standing in ordered rows, 
the ‘egg-box’ patterns of RAMSEY and 
HUBER (1987). Examples are found in the 
Gawler Ranges of South Australia, the Ka-
miesberge of Northern Cape Province, RSA, 
and in Hausaland or northern Nigeria (e.g. 
BAIN, 1923; CAMPBELL and TWIDALE, 
Fig. 5. (a) Kluftkarren, and (b) pseudoKluftkar-
ren, Little Wudinna Hill, Eyre Peninsula, South 
Australia.
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1991; TWIDALE and VIDAL ROMANI, 
2005, p. 114; figure 6). 
The residuals are defined in plan outline 
by steeply dipping fractures. Many are tra-
versed by clefts caused by the exploitation 
by weathering and erosion of partings. The 
rock surfaces are also dimpled as a result 
of the formation of rock basins. No visible 
fractures coincide with the depressions or 
basins, yet their outlines run parallel to the 
lineament trends, as do the margins of some 
pans or shallow flat-floored basins, and are 
attributed to zones of strain (TWIDALE 
and CORBIN, 1963; DE KALB, 1990, p. 
136-137).
In addition, each domical hill or born-
hardt is subdivided into thick slabs by 
fractures or sheet fractures that are most 
commonly convex-upward, though some 
concave-upward examples have been noted 
(TWIDALE et al., 1996). The fractures 
and slabs are widely attributed to erosional 
offloading (GILBERT, 1904) and referred 
to as offloading joints, but the partings de-
monstrably are small-displacement faults 
and are more plausibly linked to compres-
sion induced by shearing (MERRILL, 1897; 
DALE, 1923; HOLZHAUSEN, 1989; TWI-
DALE et al., 1996; see also CHAPMAN, 
1956).
But whatever their nature, as originally 
defined, lineaments are zones of weakness 
that have been exploited by ascending gases, 
liquids and magmas (e.g. O’DRISCOLL, 
1986; WOODALL, 1984; 1994; BOURNE 
and TWIDALE, 2007) and also by descend-
ing meteoric waters and circulating ground-
waters, which contribute significantly to 
rock weathering and hence to the shaping 
of the Earth’s surface. The influence of lin-
eaments and related fracture systems and 
sets is apparent in many landscapes and at 
various scales (VENING MEINESZ, 1947; 
HILLS, 1961; DE KALB, 1990, p. 140-141).
Linear	river	patterns	and	underprinting
Most river patterns are controlled by 
slope or structure (e.g. ZERNITZ, 1931); 
those that transgress structure are said to be 
anomalous or transverse. River sectors have 
exploited linear fracture sets to produce rect-
angular patterns. Some major rivers, how-
ever, have eroded rectilinear channels in al-
luvium or similar unconsolidated materials.
In Australia, many of the major rivers 
of the Great Artesian Basin are sensibly 
straight (see TWIDALE and BOURNE, 
2007), though they flow either in Quaternary 
alluvium or in weak Cretaceous and Tertia-
ry sediments. Examples trending northeast-
southwest include the Warburton-Diaman-
tina, Lachlan, Warrego, Bulloo, Thompson, 
Cooper, and the Darling (figure 7a). Sectors 
of the Finke and Alberga run northwest-
southeast and reaches of the Flinders, 
Leichhardt, and Georgina rivers are aligned 
Fig. 6. Typical Gawler Ranges, South Australia, to-
pography, with ordered rows of domical hills (born-
hardts) developed in Mesoproterozoic silicic volcan-
ics.
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SSE-NNW. It has been suggested (HILLS, 
1961; see also WOPFNER, 1960) that the 
linear courses of these central Australian 
rivers are due to underprinting, with struc-
tures developed in ancient basement rocks 
and recurrently revived, transmitted to the 
overlying alluvia or other intrinsically struc-
tureless sediments. Major linear sectors of 
the lower Murray River in South Australia 
(figure 7b) also have been attributed to un-
derprinting through massive flat-lying Mio-
cene limestone (O’DRISCOLL, 1960; FIR-
MAN, 1974; TWIDALE and BOURNE, 
2009).
Fig. 7. (a) Linear course of the Darling River, 
mostly eroded in Quaternary alluvia (after FEN-
NER, 1934). (b) Structural control of the course 
of the lower River Murray in South Australia. 
Note that the linear course south of Morgan is 
due to underprinting rather than control by the 
Morgan Fault (after O’DRISCOLL, 1960, p. 
21). 
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Such underprinting may be effected by 
recurrent tectonism and repeated joggling 
of fault blocks and overlying strata result-
ing in subdued half  graben and other linear 
depressions that though shallow are suffi-
cient to determine stream courses. The de-
velopment of surface forms has lagged well 
behind the original tectonic event to which 
they are related. The lapse time is to be mea-
sured in tens of millions of years at least. 
They are deferred forms.
Underprinting	and	arcuate	patterns
Some arcuate stream and topographic 
patterns are associated with ring struc-
tures (e.g. VAN DE GRAAFF et al., 1977; 
O’DRISCOLL and CAMPBELL, 1997; see 
also KAMININE and RICHTER, 1956; 
SAUL, 1978; KHUDYAKOV et al., 1988; 
BAKER et al., 1992; KUTINA, 1998). 
Though mostly detected through geophysi-
cal signatures, some have been recognised 
in outcrop, and in fracture and stream pat-
terns. The 1200 km diameter Central Aus-
tralian Ring, for instance, is defined by 
several arcuate stream channels along its 
northern margin and indeed Eocene river 
courses in the southeastern Yilgarn Block 
are arcuate (figure 7c). The course of the 
Fitzroy River within the Kimberley Block 
and Circle (O’DRISCOLL and CAMP-
BELL, 1997) and the Derwent of central 
Tasmania (CAMPBELL and GLENIE, 
2007) also may be determined by deep arcu-
ate structures.
Fig. 7. (c) Arcuate rivers in the southern Yilgarn Craton, Western Australia (map extract after VAN DE 
GRAAFF et al., 1977).
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It has been suggested that the basement 
from which some underprinted structures are 
derived may be the Mohorovicic discontinu-
ity, regarded by some as the primordial crust 
of the Earth (SKOBELIN, 1992). Thus, lin-
eaments may be inherited from shear zones 
in the Mohorovicic, and some of the ring 
structures may be derived from meteorite 
impacts on the original brittle crust of the 
Earth or on an early cover of sedimentary 
and volcanic rocks, and been underprinted 
on to near-surface strata (SAUL, 1978).
Underprinting	and	preferential	weathering
Dolines are due to the solution and col-
lapse of rocks, typically of limestone but in-
cluding also ferruginous materials. Because 
solution is effected by water, dolines are 
characteristically developed low in the lo-
cal topography. On western Eyre Peninsula, 
however, although many dolines are devel-
oped low in the local relief, others occur on 
uplands, and even on the crests of the rolling 
hills formed by deposits of Pleistocene dune 
calcarenite. For example, east of Lake New-
land four dolines aligned NNW–SSE stand 
high on a relic coastal dune (figure 8a). This 
orientation roughly parallels a prominent 
fracture trend in the underlying granitic 
rocks as determined by patterns plotted in 
adjacent coastal sections and small but nu-
merous inselberg inliers. For these reasons it 
has been suggested that these anomalously 
located forms could be related to underprint-
ing, due either to joggling in the basement 
rocks or to a concentration of descending 
groundwaters	in the fracture zones resulting 
in preferential solution and collapse in nar-
row structurally-related zones (TWIDALE 
and BOURNE, 2000; figure 8b).
Similar landforms are developed on the 
Sturt Plateau, Northern Territory, which is a 
flat or very gently sloping lateritised surface 
of Miocene age developed on Cretaceous 
Fig. 8. (a) Aligned hilltop dolines, or sinkholes, east 
of Lake Newland, Elliston, western Eyre Penin-
sula, South Australia, seen from the southeast. (b) 
Diagram showing suggested development of aligned 
hilltop dolines in relation to basement fracture zone.
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strata (figure 8c). The location and shape 
of the numerous dolines developed as a re-
sult of the dissolution and collapse of the 
underlying sediments are influenced by mi-
nor fractures in the host rock (TWIDALE, 
1987).
Fig. 8. (c) Plan of part of Sturt Plateau, northern Australia, developed in laterite over Cretaceous strata, show-
ing the relationship of dolines to fractures and palaeochannels (drawn from air photographs). 
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These karstic features in calcarenite and 
laterite are also examples of deferred forms, 
for the weathering of strata above the base-
ment fracture or fracture zone leading to 
the necessary volume decrease, compaction 
and subsidence has taken some considerable 
time. Indeed, dolines are still forming on the 
Sturt Plateau (figure 8d). Thus, and as with 
the underprinted river courses discussed 
earlier, the development of the resultant 
surface feature occurred much later than the 
tectonic event with which it is ultimately as-
sociated.
REFERRED	STRUCTURAL	FORMS
Lateral	fracture	displacement
In places rivers that have breached and 
excavated gorges through ridges in resis-
tant rocks such as quartzite occur a short 
distance from faults exploited by weather-
ing but not by rivers or streams. They can 
plausibly be explained in terms of deep ero-
sion of folded structures, the exploitation of 
structural weaknesses in dipping strata by 
streams at an earlier and higher land sur-
face, and the persistence of the stream at the 
original location despite the lateral shift of 
the zone of weakness as a result of surface 
lowering. Such persistence implies strong 
reinforcement effects (BEHRMANN, 1919; 
KING, 1970; TWIDALE et al., 1974).
The significance of the apparent lateral 
shift of structures in deeply eroded land-
scapes like that of the Flinders Ranges, an 
Early Palaeozoic fold mountain belt which 
remains tectonically active (TWIDALE and 
BOURNE, 1996), is indicated by simple cal-
culations. A stratum inclined 10º from the 
vertical (hade) causes a lateral displacement 
of 2 m every 10 m of lowering; 20º implies 
3.6 m for every 10 m; 30º, 5.8 m for every 10 
m; and so on. Given the evidence for deep 
erosion, and in the Flinders Ranges it is of 
the order of several kilometres, the chang-
ing geometry and location of structure with 
depth is a significant factor in landform in-
terpretation (TWIDALE, 1972).
In the northeastern Flinders Ranges, 
Italowie Creek flows south between the 
Rampart and Balcanoona ranges before 
turning northeast as a major braided river 
(figure 9a). Just before turning northeast 
the stream has incised a deep valley in the 
boulder tillite of the Bolla Bollana Forma-
tion of Neoproterozoic age dipping west 
and northwest. A crush zone is developed at 
the faulted interface between the tillite and 
overlying Rawnsley Quartzite (uppermost 
Neoproterozoic), also dipping west (LEE-
SON, 1967). The crush zone is imbricate at 
the contact with the quartzite exposed on 
Fig. 8. (d) View of doline in laterite adjacent to the 
Buchanan Highway, west of Dunmara, Northern 
Territory, and developed in stages between October 
1981 and April 1982, but mostly toward the end of 
this period.
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the eastern flank of the Rampart Range but 
is characterised by closely spaced cleavage in 
the argillites. Though unaltered, this shat-
ter zone was readily exploited by streams. 
Italowie Creek has eroded a slightly arcuate 
valley to depths of 290-300 m. The arcuate 
crush zone, located some 100-200 m to the 
west and developed along a west-dipping 
lithological junction, is separated from the 
Italowie Creek valley by a high ridge of til-
lite. It is weathered and eroded, but most 
of the drainage has been captured by right 
bank tributaries of the Italowie Creek and 
the floor of the linear depression stands at 
elevations of more than 350 m, and well 
above the channel of the nearby Italowie 
Creek.
Fig. 9. (a) Generalised 
geological map of Italowie 
Creek in eastern piedmont 
of northern Flinders Rang-
es, with section A-B show-
ing suggested offsetting of 
gorge and fault zone as a 
result of deep erosion of 
dipping structures. 
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Fig. 9. b) Offset gorge and fault zone (ƒ – heavy line) near the eastern end of Chace Range, central Flinders 
Ranges. The gorge has been excavated through a quartzite ridge despite the presence of a fault zone cutting 
through the strata diagonally from SW-NE less than a kilometre to the west.
Similarly, at the eastern end of Chace 
Range in the central Flinders Ranges, a 
right bank tributary of Wilpena Creek has 
breached the quartzite ridge less than a ki-
lometre from the terminus of the upland, 
though a fault zone marked by a col oc-
curs about a kilometre to the west (figure 
9b). This appears to have been the structure 
that the stream initially exploited in order to 
breach the ridge.
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These anomalous situations can be con-
strued as being due to the ancestral rivers 
having initially exploited the crush or frac-
ture zone. Each evidently had the power to 
erode a gorge and maintain its plan location 
despite the oblique dip and lateral displace-
ment of the zone of structural weakness 
consequent on deep erosion. At Italowie, 
once incised into the fissile shatter zone the 
stream maintained its position even when it 
incised into the tillite below the dipping ar-
gillites: such is the power of rivers to main-
tain their courses.
Transfer	from	weak	to	resistant	environment
Some patterns are anomalous in that 
they are incompatible with structure or 
slope or	both, and natural selection, i.e. the 
emergence as master streams of those that 
have exploited structural weaknesses and 
once dominant are enhanced – the reinforce-
ment factor. Yet whereas master streams 
ought to develop in weak strata, some ei-
ther cut across the structural grain or they 
have eroded valleys, and in many instances 
gorges, in resistant rocks situated immedi-
ately adjacent to weaker formations. Such 
transverse elements are most commonly de-
veloped in fold mountain belts though they 
are not confined to them.
Major rivers in fold mountain belts con-
sist of long sectors that are compatible with 
structure, linked by short sectors that are 
anomalous in that they cut across structure. 
They have been attributed variously to cata-
strophic diversion (faulting, warping, volca-
nism, glacial blocking), antecedence, super-
imposition, and inheritance (TWIDALE, 
2004). River capture or piracy is also signifi-
cant (THOMPSON, 1939; BISHOP, 1995). 
Deep erosion and the persistence of streams 
let down from a weak formation on to one 
that is resistant, was suggested by MEY-
ERHOFF and OLMSTEAD (1936) in ex-
planation of certain Appalachian streams 
and has found support from other workers 
(STRAHLER, 1945; OBERLANDER, 
1965; TWIDALE, 1966, 1976, p. 438 and 
440 et seq,). It must be noted, however, that 
this mechanism differs from superimposi-
tion (in US, superposition).
Though originally invoked by JUKES 
(1862) in explanation of the river patterns 
of southern Ireland, MAW (1866) was the 
first to use the term superimposition (or in 
the U.S.A., superposition). for: “… a series 
of valleys superimposed in part unconform-
ably over an ancient buried series …’ and 
‘… denudation may … gradually lower the 
entire surface … after having removed the 
whole of the new deposit, and will impress 
on the old deposit a contour partaking of 
that of both the old and new surfaces …”. 
Clearly superimposition implies a younger 
series (or overmass) and an unconformable 
undermass. Nevertheless, the explanation 
is plausible, for many anomalous patterns 
including rivers that run across entire local 
structures, breached snouts and in-and-out 
valleys (figures 2 and 10) are susceptible of 
explanation in terms of deep erosion (e.g. 
TWIDALE, 2004; also UMBGROVE, 1950, 
p. 58). It has been suggested that such anom-
alous streams can be linked to what has been 
called stream persistence and valley impres-
sion or perhaps more simply, stream impres-
sion (TWIDALE, 1966, 1972, 2004).
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Fig. 10. (a) An anomalous 
river channel runs across a 
dome located in the Krichauff 
Ranges, southwest of Alice 
Springs, Northern Terri-
tory, but strike streams run 
tributary to the main river (C. 
Wahrhaftig). (b) A winding 
strike stream is responsible 
for the valley located to the 
southwest of the southern 
limb of this anticlinal snout, 
located in the Petermann 
Hills, almost 200 km WSW of 
Alice Springs. The snout is in 
process of being breached by 
various antidip streams (in or-
der of advancement) C, B, A, 
and X. Stream Y is regressing 
through the broad sandstone 
apex of the structure. In all 
but C short strike streams and 
valleys are developed along 
bedding and joints tributary 
to the main streams.
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CONCLUSION
River patterns usually are determined by 
structure, but in places reflect capture, im-
pression, underprinting, referral or deferral. 
Some of these more subtle structural influ-
ences are frequently overlooked, as is the 
significance of reinforcement.
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